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high even as cyclin levels fall
dramatically. This results in much
greater cyclin clearance in mitosis,
so the trajectory of Cdk activation
and inactivation are quite distinct.
Furthermore, the activation of Cdk
is faster, with little time spent at an
intermediate level of Cdk activity.
Pomerening et al. [7] are able to
experimentally observe the
oscillatory trajectory described
above by measuring cyclin levels
and Cdk activity in oocyte extracts
with fine temporal resolution. They
confirm that the mitotic oscillator
follows a wide trajectory, with
more than a 6-fold difference in
cyclin levels between Cdk
activation and inactivation.
Furthermore, suppression of the
positive feedback on Cdk activity
results in a narrower and less
robust trajectory of oscillation.
This trajectory lingers in a phase of
intermediate Cdk activity,
compromising aspects of the cell
cycle such as DNA synthesis.
Without positive feedback, the
oscillator is unable to produce
distinct, alternating interphase and
metaphase states, and in some
cases entirely fails to oscillate.
One heartening aspect of this
work is that the role of positive
feedback can be understood
through modelling even without
quantitative information about the
biochemistry of the system.
Furthermore, these models can
produce specific, semi-
quantitative predictions that are
experimentally testable. This
approach is particularly valuable
in cases such as the cell-cycle
oscillator, where feedback plays a
major role. In these networks,
dynamical systems theory can
predict the range of possible
behaviors and identify the key
factors determining the behavior
of a particular system. Modelling
also emphasizes how functions in
regulatory networks should be
attributed to patterns of
interactions rather than to specific
proteins. Both Wee1 and Cdc25
mediate positive feedback in Cdk
activity. However, these proteins
are regulated in other ways to
control cell-cycle progression
rather than to provide positive
feedback on Cdk activity [10,11].
This positive feedback loop in the
network, rather than any specific
protein’s biochemical activity,
provides the bistability that is
important for the function of the
cell-cycle oscillator.
References
1. Murray, A.W. (2004). Recycling the cell
cycle: cyclins revisited. Cell 116,
221–234.
2. Goldbeter, A. (1991). A minimal cascade
model for the mitotic oscillator involving
cyclin and Cdc2 kinase. Proc. Natl.
Acad. Sci. USA 88, 9107–9111.
3. Coleman, T.R., and Dunphy, W.G. (1994).
Cdc2 regulatory factors. Curr. Opin. Cell
Biol. 6, 877–882.
4. Pomerening, J.R., Sontag, E.D., and
Ferrell, J.E., Jr. (2003). Building a cell
cycle oscillator: hysteresis and bistability
in the activation of Cdc2. Nat. Cell Biol.
5, 346–351.
5. Sha, W., Moore, J., Chen, K., Lassaletta,
A.D., Yi, C., Tyson, J.J., and Sible, J.C.
(2003). Hysteresis drives cell-cycle
transitions in Xenopus laevis egg
extracts. Proc. Natl. Acad. Sci. USA 100,
975–980.
6. Novak, B., and Tyson, J.J. (1993).
Numerical analysis of a comprehensive
model of M-phase control in Xenopus
oocyte extracts and intact embryos. J.
Cell Sci. 106, 1153–1168.
7. Pomerening, J.R., Kim, S.Y., and Ferrell,
J.E., Jr. (2005). Systems-level dissection
of the cell-cycle oscillator: bypassing
positive feedback produces damped
oscillations. Cell 122, 565–578.
8. Ingolia, N.T., and Murray, A.W. (2004).
The ups and downs of modeling the cell
cycle. Curr. Biol. 21, R771–R777.
9. Cross, F.R., Archambault, V., Miller, M.,
and Klovstad, M. (2002). Testing a
mathematical model of the yeast cell
cycle. Mol. Biol. Cell 13, 52–70.
10. Kumagai, A., and Dunphy, W.G. (1996).
Purification and molecular cloning of
Plx1, a Cdc25-regulatory kinase from
Xenopus egg extracts. Science 273,
1377–1380.
11. Michael, W.M., and Newport, J. (1998).
Coupling of mitosis to the completion of
S phase through Cdc34-mediated
degradation of Wee1. Science 282,
1886–1889.
Department of Molecular and Cellular
Biology, Harvard University, Biological
Laboratories 3007, 16 Divinity Avenue,
Cambridge, Massachusetts 02138, USA.
DOI: 10.1016/j.cub.2005.11.012
Dispatch    
R963Quality Control: Another Player
Joins the ERAD Cast
The quality control system known as ERAD removes misfolded
proteins from the ER to the cytosol for degradation. The AAA ATPase
Cdc48p and ubiquitin ligases play crucial roles; their relationship has
been unclear, but recent work has shown that the membrane protein
Ubx2p links their functions in yeast.J. Michael Lord1, 
Lynne M. Roberts1 and 
Colin J. Stirling2
Endoplasmic reticulum-
associated degradation (ERAD)
is a quality control system that
recognises and disposes of
misfolded or unassembled
polypeptides in the ER. Disposal
involves the retrotranslocation of
aberrant proteins across the ER
membrane to the cytosol, wherethey are ubiquitinated prior to
degradation by the proteasome.
The delivery of ubiquitinated
substrates to the proteasome
depends on a member of the
AAA ATPase family, namely
Cdc48p in yeast, or its
homologue p97 (also known as
valosin-containing protein, VCP)
in mammalian cells [1].
Cdc48p/p97 is involved in a
number of other cellular
processes, including cell-cycleregulation, transcriptional
regulation and homotypic
membrane fusion [2]. The
recruitment of Cdc48p/p97 into
these diverse pathways requires
specific adaptor proteins; for
example, Cdc48p/p97
complexed with the adaptors
Npl4p and Ufd1p functions in
proteolysis, whereas the adaptor
p47 recruits Cdc48p/p97 into a
membrane fusion role.
Npl4p and Ufd1p engage
Cdc48p in proteolysis by virtue of
their ability to bind specifically to
polyubiquitin chains on proteins
tagged for proteasomal
degradation [2]. These
polyubiquitin chains are initially
built up on suitable lysyl residues
in target proteins by the action of
E3 ubiquitin ligases. Two E3
ubiquitin ligases have been
implicated in ERAD in yeast,
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R964namely Hrd1p/Der3p and Doa10p
[3–5]. Two others have been
implicated in human disease,
specifically CHIP in cystic fibrosis
[6,7] and Parkin in
neurodegeneration [8]. Although it
is clear that both Cdc48p and E3
ligases play important roles in
ERAD, it was not known how
these might be coupled. Two
recent papers [9,10] now report
the identification of a yeast
integral membrane protein,
Ubx2p, which is localised to the
ER [9] and recruits Cdc48p-
Ufd1p-Npl4p to the E3 ligases
Hrd1p and Doa10p [9,10]. Ubx2p
has two distinct cytoplasmic
domains [9,10]: an amino-terminal
UBA domain that binds ubiquitin,
and a carboxy-terminal UBX
domain that binds the Cdc48-
complex [11].
Ubx2 was identified as one of
seven UBX domain-containing
proteins that have been shown to
bind Cdc48p [12]. Three of these
seven, Ubx2p, Ubx6p and
Ubx7p, were predicted to be
membrane proteins and so were
potential candidates for some
role in ERAD. Of these three, only
Ubx2p also contains a UBA
domain, suggesting that it might
be capable of binding both
Cdc48-complex and
ubiquitinated proteins. These
features led the authors of the
new papers to test the
hypothesis that Ubx2p might link
the delivery of ubiquitinated
proteins to the Cdc48p-Ufd1p-
Npl4p complex. Consistent with
this, both groups found that
∆ubx2 cells were impaired in
their ability to degrade classical
yeast ERAD substrates [9,10]. In
contrast, neither ∆ubx6 nor
∆ubx7 cells displayed any defect
in ERAD [10]. Further analysis of
various mutant derivatives of
Ubx2p revealed that both the
UBA and UBX domains were
required for the protein’s role in
ERAD [9,10].
A series of co-
immunoprecipitation studies
confirmed the interaction between
Ubx2p and the Cdc48p-Ufd1p-
Npl4p complex and that,
predictably, this was mediated via
the UBX domain of Ubx2p. The
authors went on to show that
Ubx2p also interacts with othercomponents of the ERAD
machinery including the E3 ligases
Hrd1p and Doa10p, and the
multispanning integral membrane
protein Der1p [13]. The
mammalian homologue of Der1p,
Derlin-1, has previously been
suggested to form part of the
retrotranslocation channel for a
subset of ERAD substrates [14,15]. 
In addition to its interactions
with components of the yeast
ERAD machinery, Ubx2p is also
found to interact with misfolded
substrate polypeptides. This
raises the possibility that various
ERAD components may
assemble around a dislocating
substrate but that the specific
composition of the ERAD
complex may vary depending
upon the nature of the substrate
molecule. For example,
Hrd1p/Der3p and Doa10p are
required for different subsets of
ERAD substrates [1].
While Ubx2p clearly plays an
important role in recruiting
Cdc48p to the ER membrane,
alternative mechanisms clearly
exist. This is evident from the
finding that some ERAD still
occurs, albeit much less
efficiently, in ∆ubx2 cells.
Consistent with this, Cdc48p
binding to the ER is not abolished
in ∆ubx2 cells implying alternative
modes of recruitment. Candidates
for alternative ERAD-specific
receptors might include Der1p,
and the related Dfm1p, given the
recent demonstration that their
mammalian homologues, Derlin-1,
Derlin-2 and  Derlin-3, interact
directly with the Cdc48p
homologue p97 [16,17].
While further molecular details
will surely emerge, it is
nonetheless evident that Ubx2p
plays an important role in the
Cdc48p-mediated delivery of
ubiquitinated substrates from the
retrotranslocation channel to the
proteasome for degradation.
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